Proline is considered to be a stress protectant in the yeast Saccharomyces cerevisiae, as is trehalose. In this study, we constructed yeast strains that accumulate proline but not trehalose and that increase proline levels in response to stress. Our results suggest that proline does not complement the function of trehalose, and that moderate expression of the PRO1 gene encoding -glutamyl kinase is important to stress tolerance of yeast cells.
In response to osmotic stress, proline accumulates in many bacterial and plant cells, but it has been found that proline levels do not increase under various stress conditions in yeast Saccharomyces cerevisiae cells. 1) In the proline biosynthesis of S. cerevisiae ( Fig. 1) , -glutamyl kinase (GK, the PRO1 gene product) is the key enzyme, and GK activity is subjected to feedback inhibition by proline.
2) Proline oxidase (the PUT1 gene product) catalyzes the first step of the proline degradation pathway.
3) Based on the fact that proline has a marked cryoprotective activity in S. cerevisiae, 4) both laboratory and industrial yeast strains that accumulate proline were constructed by disrupting the PUT1 gene and by expressing the mutant PRO1 gene encoding the D154N or the I150T mutant GK; these are less sensitive to proline feedback inhibition.
2) The engineered strains were more tolerant than the wild-type strain to stress due to freezing, desiccation, oxidation, ethanol, and osmosis. [5] [6] [7] [8] [9] [10] [11] Proline is believed to serve multiple functions in vitro, including protein and membrane stabilization, inhibition of dehydration and of ice nucleation, reduction of T m of DNA, and scavenging of reactive oxygen species, but the mechanisms underlying proline's functions in vivo are poorly understood. 12) On the other hand, it has become apparent that an excess of free proline has negative effects and side effects on cell growth and protein functions. 13, 14) In yeast, excess proline can be toxic and can delay cell growth in the presence of ethanol. 5, 15) Trehalose is also considered to be a critical stress protectant in S. cerevisiae 16, 17) and synthesis of it is induced by many stress conditions at the transcriptional level. 1) In yeast cells, the engineering of trehalose metabolism led to increased tolerance to dehydration, ethanol, and freezing stresses. 18, 19) A possible mechanism of trehalose-induced tolerance is based on the chemical stability of the cellular components involved in water replacement and/or trehalose's glass-forming ability. 20) We have reported that the trehalose content of yeast cells increased transiently in response to ethanol, and that there was no significant difference between the parent and proline-accumulating sake strains in cellular levels of trehalose during exposure to ethanol. 9) This suggests that the improved ethanol tolerance of yeast strains is mainly due to intracellular proline accumulation, but it is unclear whether proline can substitute for trehalose as a stress protectant in yeast cells. To answer this question, we constructed strains that accumulate proline but do not produce trehalose in yeast cells and examined their growth phenotypes under various stress conditions. We also constructed strains that increase proline levels in response to stress and compared their stress sensitivity with constitutively proline-accumulating strains.
The S. cerevisiae strains and plasmids used in this study are listed in Table 1 . The put1-and pro1-disrupted strains were constructed from wild-type strain INVSc1 (Invitrogen, Carlsbad, CA). The synthesis of trehalose is catalyzed by a trehalose-synthesis protein complex composed of four proteins. Tps1 synthesizes trehalose 6-phosphate by condensation of glucose 6-phosphate and UDP-glucose. Trehalose is then generated by dephosphorylation of trehalose 6-phosphate by Tps2, Tps3, and Tsl1, which are considered to be regulatory subunits. 21) To construct the trehalose-nonproducing strain, we disrupted the TPS1 gene in INVSc1. The method of gene disruption was described previously. 7) The oligonucleotide primers were ScPUT1-URA3-F Note CTT ATT AAG ACA TAG AAC Tta aaa atg gaa tcc caa caa-3 0 ) and TPS1-LEU2-R (5 0 -GGA CCA GGA ATA GAC GAT CGT CTC ATT TGC ATC GGG TTC Aag gaa tca tag ttt cat gat-3 0 ) for disrupting TPS1 (the capital letters indicate the sequences 40 bp upstream of the initiation codon and downstream of the stop codon, and the small letters indicate the sequences of the marker genes for annealing). Correct disruption of target genes was verified by chromosomal PCR analysis. The tps1-disrupted strain was cultured in galactose medium, because this mutant did not grow in glucose medium. 22) The TPS2 gene, encoding trehalose-6-phosphate phosphatase, was induced rapidly in the presence of 9% ethanol.
1) It is known that TPS2 gene expression is upregulated under stress conditions such as 37 C or 1.5 M sorbitol. 23, 24) We constructed plasmids harboring the stress-inducible PRO1 gene, which is fused with the TPS2 promoter sequence upstream of the open reading frame. A DNA fragment of the TPS2 promoter region (À700 to À1) was prepared by PCR with genomic DNA from INVSc1 and oligonucleotide primers pFA-SalI-PTPS2-F (5 0 -GCC GTC GAC ATG ACA TCA GAT GTA GTT ATC-3 0 ) and pFA-PTPS2-SmaI-R (5 0 -GCA TCC CGG GTT CGG CAC AGA AAT AGT GAC AGG-3 0 ) (the underlining indicates the positions of SalI and SmaI respectively). The unique amplified band of 700 bp was digested with SalI and SmaI, and then subcloned into plasmid pFA6a-3HA-kanMX6, which contains the bacterial ampicillin-resistant gene and the kanMX6 cassette as selective markers of E. coli and S. cerevisiae respectively, to construct pFA-PTPS2. A DNA fragment of PRO1 was prepared by PCR with pAD-PRO1 and oligonucleotide primers pFA-SmaI-PRO1-HA-F (5 0 -CGG CCC GGG ATG AAG GAT GCT AAT GAG AG-3 0 ) and pFA-PRO1-PacI-HA-R (5 0 -GGC CTT AAT TAA ACG AGG TGG GAA TGC CAA AT-3 0 ) (the underlining indicates the positions of SmaI and PacI respectively). The unique amplified band of 1.3 kb was digested with SmaI and PacI, and then subcloned into pFA-PTPS2 to construct pFA-PTPS2-PRO1. The P TPS2 -PRO1 fragment of pFA-PTPS2-PRO1 digested with SalI and SacI was subcloned into pTV3 to 
This study pTV-PTPS2-pro1D154N P TPS2 -pro1(D154N) TRP1 in pTV3 This study pTV-PRO1 P ADH1 -PRO1 TRP1 in pTV3 This study pTV-pro1D154N
This study construct pTV-PTPS2-PRO1. The nucleotide sequences of the amplified fragment were confirmed by DNA sequencing. Plasmid pTV-PTPS2-pro1D154N, harboring the mutant pro1(D154N) gene, was constructed by the same method. The P ADH1 -PRO1-T ADH1 fragments of pAD-PRO1 and pAD-pro1D154N digested with BamHI were subcloned into pTV3 to construct pTV-PRO1 and pTV-pro1D154N. When GK is overexpressed, -glutamyl phosphate reductase (GPR) (the PRO2 gene product) (Fig. 1) should be co-overexpressed with GK, because S. cerevisiae GK activity requires GPR. 2, 10) The termini of the P ADH1 -PRO2-T ADH1 fragments of pAD-PRO2 digested with BamHI were blunted with a DNA blunting kit (Takara Bio, Ohtsu, Japan), and then subcloned into the SmaI site of pHV1 to construct pHV-PRO2.
After cultivation in SG (2% galactose, 0.67% Bacto Yeast Nitrogen Base without amino acids, Difco Laboratories, Detroit, MI) at 30 C for 24 h, the intracellular contents of trehalose and proline in the yeast strains were analyzed by a method described previously, 1) and were expressed as percentages of dry cell weight ( Fig. 2A) . As we expected, the trehalose contents of the tps1-disrupted cells (INVDtps1put1) were approximately 100 to 200 times lower than those of the TPS1-intact cells (INVDput1). The proline contents in cells overexpressing wild-type GK (0.18% and 0.047%) were 2-3 times higher than those observed in cells carrying the vectors only (0.063% and 0.021%). A significant accumulation of proline was found with overexpression of the D154N mutant GK (0.40% and 0.76%), as expected from previous studies. [9] [10] [11] We then tested the growth phenotypes of these strains on SG medium under various stresses ( Fig. 2A) . In agreement with a previous report, 19) TPS1 gene disruption caused a growth defect under stress conditions, probably because little trehalose was produced in the cells. We found that the tps1-disrupted cells with proline accumulation were much more sensitive to stress than those carrying the vectors only. When the PRO1 gene was overexpressed under the control of the TPS2 promoter, similar results were obtained (data not shown). The trehalose-6-phosphate synthase/phosphatase complex apparently controls glucose influx into glycolysis via the signaling pathway involved in the glucose metabolic switch. 25) This phenomenon might be the result of an insufficiency of trehalose to avoid the toxicity of excess proline in the cell, although the mechanism underlying the phenomenon remains unclear. These results suggest that proline does not complement the function of trehalose as a stress protectant in yeast cells. Proline and trehalose are believed to serve multiple functions in vivo, 26) but it is possible that a combination of proline and trehalose further contributes to enhancement of tolerance to various stresses.
To accumulate intracellular proline in response to stress, the PRO1 gene was overexpressed under the control of the TPS2 promoter in the pro1-disrupted strains (INVDpro1 and INVDput1pro1). After cultivation in SD (2% glucose and 0.67% Bacto Yeast Nitrogen Base without amino acids) at 30 C for 24 h, intracellular proline levels were measured (Fig. 2B) . Yeast cells expressing the wild-type and D154N mutant GK under the control of the TPS2 promoter showed a prominent increase in proline contents (0.055% and 0.45% for INVDput1pro1 and 0.064% and 0.54% for INVDpro1 respectively) as compared with the cells carrying the ADH1-drived PRO1 gene (0.038% and 0.30% for INVDput1pro1 and 0.037% and 0.27% for INVDpro1 respectively). We examined the growth of these strains on SD medium under various stresses (Fig. 2B) . The growth phenotypes of the INVDpro1 cells carrying the stress-inducible PRO1 gene were similar to those carrying the ADH1-drived PRO1 gene. We examined the effect of ethanol on the PRO1 expression by real-time quantitative PCR by a method described previously.
1) The PRO1 and pro1(D154N) genes driven by the TPS2 promoter in INVDput1pro1 were significantly induced (3.4-and 2.0-fold respectively) after exposure to 9% ethanol for 1 h as compared with those under nonstress conditions. The expression level of PRO1 driven by the ADH1 promoter was not affected by ethanol stress (data not shown). We observed that the intracellular proline level in the cells carrying the TPS2-drived pro1(D154N) gene gradually increased after exposure to ethanol stress (data not shown), but our results suggest that stress-inducible PRO1 expression is not necessarily involved in the stress tolerance of yeast cells. Contrary to our expectations, there were no significant differences in growth between yeast cells expressing the wild-type and those expressing mutant GK under any of the stress conditions tested here. It is known that plant and bacterial cells accumulate proline in response to osmotic stress; that is, proline is believed to play adaptive roles as a stress protectant. 27) However, a recent study shows that an Arabidopsis mutant that had a defect in proline dehydrogenase (proline oxidase in S. cerevisiae), which catalyzes the first step of proline degradation, showed hypersensitivity to exogenous proline. 28) Exogenous proline moves into cells, increasing the intracellular proline level. In this study, no stress sensitivity in the Áput1Ápro1 mutant (INVDput1pro1 harboring pTV3 and pAD4) was observed in the Áput1 mutant (INVDput1 harboring pHV1, pTV3, and pAD4) . Additionally, the Áput1Ápro1 strain overexpressing D154N mutant GK driven by the TPS2 promoter (INVDput1pro1 harboring pTV-PTS2-pro1D154N and pAD-PRO2) showed defective growth under various stress conditions. We concluded that the appropriate proline level and moderate expression of the PRO1 gene in yeast cells are important to induce proline's protective effect against various stresses.
We found that the pro1-disrupted strains carrying vectors alone caused hypersensitivity to many stresses, including high growth temperature, ethanol, and freezing (Fig. 2B) . It should be noted that the proline levels in INVDput1pro1 and INVDpro1 cells carrying vectors alone (0.049% and 0.042%) were almost the same as those in those cells expressing wild-type GK (0.055% and 0.038% for INVDput1pro1, and 0.064% and 0.037% for INVDpro1). S. cerevisiae has an alternative pathway for proline synthesis from arginine consisting of two enzymes: arginase (the CAR1 gene product) and ornithine transaminase (the CAR2 gene product) (Fig. 1) . Therefore, many yeast cells carrying the pro1-mutation do not exhibit proline auxotroph, although the pro1-and pro2-mutants derived from a cross between S. cerevisiae S288C and AE1278b failed to grow in minimal medium. 29) Ando et al. 30) reported that the growth of a pro1 deletion mutant was strongly inhibited after exposure to freeze-thaw stress. This mutant was also sensitive to H 2 O 2 and calcofluor white, involved in oxidative stress and cell wall stress respectively. 30) Most microbial GK consists of the N-terminal kinase domain and the C-terminal PUA domain. 31) In the GK protein, the functions of the PUA domain, which has been found in RNA-modifying enzymes, are unclear, although it has been proposed to modulate the function of the kinase domain in Escherichia coli.
32) It appears that the native GK protein has some specific property required for the stress tolerance of yeast cells, in addition to the enzymatic function involved in proline biosynthesis. 
